Rheological and thermophysical properties were determined for blackberry juice, which was produced from blackberry fruit at 9.1 0.5°Brix and density of 1.0334 0.0043 g cm -3 . The concentration process was performed using a roto evaporator, under vacuum, to obtain concentrated juice at about 60 °Brix. In order to obtain different concentrations, concentrated juice was diluted with distilled water. Rheological measurements were carried out using a Rheotest 2.1 Searle type rheometer. In the tested ranges, the samples behaved as pseudoplastic fluids, and the PowerLaw model was satisfactorily fitted to the experimental data. The friction factor was measured for blackberry juice in laminar flow conditions of pseudoplastic behavior. Thermal conductivity, thermal diffusivity and density of blackberry juice at 9.4 to 58.4 °Brix were determined, in triplicate, at 0.5 to 80.8 °C. Polynomial regression was performed to fit experimental data obtaining a good fit. Both temperature and concentration showed a strong influence on thermophysical properties of blackberry juice. Calculated apparent specific heat values varied from 2.416 to 4.300 kJ.kg -1 °C in the studied interval. Keywords: fruit juice; rheology; thermal conductivity; thermal properties.
Introduction
The fruit juice industry has become one of the world's biggest agribusinesses. Although Brazil is the main exporter, there are many other medium and underdeveloped countries in the fruit juice and pulp market. Blackberry (Mora de Castilla: Rubus glaucus Benth) is a fruit originally from the high tropical areas of America and is widely cultivated in Colombia, Venezuela, Ecuador, Guatemala, El Salvador and Mexico. There are believed to be as many as 300 species of blackberries of relative importance throughout the world which contain proteins, vitamins A, C, K, calcium, phosphorus and potassium. Almost 90% of international blackberry production is transformed to processed products: nectars and juices, frozen pulp, 65 °Brix concentrate, jams and jellies, 33 °Brix concentrated wine and sulfite pulps and dehydrated powders 7 .
The present positive trend of the fruit juice industry, which stems from the non-alcoholic beverage market, is to improve and automate fruit juice production plants. During processing, the fruit juice industry deals with juice in a variety of concentrations and temperatures and is submitted to unit operations such as pumping, heat exchange, evaporation, spray-drying and others. In order to have a suitable process design, operation and control, knowledge of thermophysical and rheological behavior of the fruit juice as affected by water fraction and temperature are of fundamental importance. Density ( ), thermal conductivity (k), thermal diffusivity ( ) and heat capacity (Cp), are the major thermophysical properties (TPP) required to evaluate, design and model heat transfer processes, such as refrigeration, freezing, heating or drying. According to BECKER and FRICKE 3 and MCMINN and MAGEE 17 , empirical models applied to predict the TPP of foods are effective in contrast to models derived from theoretical bases. As chemical composition and temperature can strongly affect the TPP of foods, these variables are commonly taken into account to develop the above mentioned mathematical functions 3, 17, 23 .
TPP and rheological studies have been reported for several liquid foods, common juices such as orange 15, 21, 24 ; apple 9 and tomato 8 ; yogurt 23 ; milk 19, 22, 27 and coffee extract 25 . However, TPP and rheological parameters for blackberry juice are inexistent in the literature and to obtain these data is quite important for adequate equipment design. The aim of this work was to measure the thermal conductivity, thermal diffusivity and density of blackberry juice as a function of the extensive range of temperature and juice concentration and to obtain simple equations to correlate experimental data. Additionally, in order to validate the rheological data, they were used to calculate friction factors for tube flow based on widely accepted correlations. These results were then compared with those determined from experimental values of pressure loss in tubes.
Materials and methods

Material
All the experimental measurements were conducted in samples from the same batch of concentrated blackberry juice (60.0 °Brix). The concentration process was performed using a roto evaporator, under vacuum, to obtain concentrated juice. In order to obtain different concentrations, concentrated juice was diluted with distilled water. Blackberry juice was extracted from blackberries with the following characteristics: (9.1 0.5)°Brix, density, (1.0334 0.0043) gcm -3 , (45.4 0.9) g.100g -1 pulp content and pH (2.94 0.05) 1 .
Thermal conductivity
Thermal conductivity at various temperatures and water contents were measured using the method described by BELLET et al. 4 , based on a cylindrical cell, where the liquid whose properties are determined fills the annular space between two concentric cylinders. The physical characteristic is specified in Figure 1 , which presents: two coaxial copper cylinders (a and b), 180 mm in length, separated by a 2 mm annular space, which was filled with the sample; 50 mm thick covers (c) made of a low thermal conductivity material (0.225 W.m -1°C ) to prevent axial heat transfer; a heater made with a constantan wire (resistance 15 W), electrically insulated by a varnish and coiled around a copper stick; two thermocouples type T to measure the temperature differences between the two cylinders, located at half the length of the cell, with wires placed inside 0.5 mm gaps, parallel to the cell axis. The external diameters of the outer and inner copper cylinders were, respectively, 34 and 20 mm, while the internal diameters were 24 and 10 mm for the outer and inner cylinders, respectively. To keep the external temperature constant, the cell was immersed in a thermostatic bath (model MA-184, Marconi, São Paulo, Brazil) containing ethyl alcohol. The power input to the heater resistance was from a laboratory DC power supply (model MPS-3006D, Minipa, São Paulo, Brazil), which adjusted the current with a stability of 0.05%. An HP data logger, model 75.000-B, an HP-IB interface and an HP PC running a data acquisition program written in IBASIC, monitored the temperatures with an accuracy of 0.6°C. In order to measure the temperature, one and three copperconstantan thermocouples were embedded in the surfaces of the inner and outer cylinders, respectively. The cell was calibrated with distilled water. Details of this method, cell calibration and experimental tests can be found elsewhere 4, 19, 25 .
In the steady state, conduction inside the cell was described by the Fourier equation in cylindrical coordinates, with boundary conditions corresponding to heat transfer between two concentric cylindrical surfaces kept at constant temperatures, as given by Equations 1 to 3. .°C); T is the temperature (°C); r is the radius (m); R1 and R2 is the external and internal radius of the internal and external cylinder, respectively; T1 is the steady state temperature in the internal cylinder (°C); T 2 is the steady state temperature in the thermostatic bath where the cell was immersed (°C).
Equation 1 was integrated in the form: (4) whereby the sample thermal conductivity, k was calculated.
Thermal diffusivity
Thermal diffusivity was determined using the method proposed by DICKERSON 16 . The experimental apparatus consisted of a cylindrical cell (24.75 x 10 -3 m internal radius and 248.5 x 10 -3 m length) made of chromium plated brass with two nylon covers with thermal diffusivity of 1.09 x 10 -7 m 2 /s, which is similar to most liquid food products. Two thermocouples type T were fixed at the center and on the external surface of the cell. The cell was immersed in a well-agitated thermostatic bath (MK70, MLW, Dresden, Germany) heated at a constant rate, and the development of temperatures at the wall and at the center of the cell was monitored. Temperatures were monitored using the same data acquisition system used in thermal conductivity measurements.
The calculations were based on the solution of the equation of energy conservation, considering an unsteady state, constant unidimensional (radial) heat flux, subjected to the following boundary conditions:
The value of the experimental thermal diffusivity ( exp ) is given by: (7) where (T R -T 0 ) is the temperature difference between the center and the surface of the sample, and A is the constant heating rate. For each experiment a plot of T R and T 0 versus time was constructed. The heating rate was obtained from the slope of the T R versus t curve, and (T R -T 0 ) was evaluated from the difference between T R and T 0 curves after eliminating the initial transient.
Density
The density of blackberry juice at different temperatures and concentrations was determined in triplicate by weighing (on scales) the juice contained in a standard volumetric pycnometer 9 . The sample temperature was varied by equilibration in a thermostatic bath. The pycnometer of 25 mL was previously calibrated with distilled water at each temperature.
Specific heat
The specific heat was directly calculated from the following equation: 
Rheological measurements and flow characterization
Rheological measurements were carried out using a Rheotest 2.1 (VEB -MLW Prüfgeräte-Werk, Germany) Searle type rheometer, equipped with a coaxial cylinder sensor system (radii ratio of 1.06). The instrument can be operated at 44 different speeds, which are changed stepwise with a selector switch. The speed of the rotating cylinder varied from 0.028 to 243 rpm. A thermostatic bath (model MA-184, Marconi) containing ethyl alcohol was used to control the working temperature within the range of 0.5 to 80.8 °C. Shear stress values at the surface of the internal cylinder were obtained by multiplying torque readings by the rheometer constant, whereas the shear rate values were evaluated according to KRIEGER and ELROD 16 . The widely known empirical expression for the stress tensor, the Power-Law model, was used to describe the flow behavior of blackberry juices. For the Power-Law model, the local shear stress depends on the local shear rates as follows 6 : (9) where rz (Pa) is the local shear stress, K (Pa.s n ) is the consistency index, n (dimensionless) is the flow behavior index and dv z /dr (s -1 ) is the local shear rate.
Pressure drop measurements in pipe flow
The apparatus specified in full details by TELIS-ROMERO et al. 26 was used to measure pressure loss during laminar pipe flow of blackberry juices. It consists of a heat transfer, a circular section, which is submerged in a large thermostatic bath (model MA-184, Marconi Equipamentos para Laboratório Ltda., SP, Brasil) containing water at a constant temperature. Flow experiments were carried out when the samples by the solution in the thermostatic bath were heated. The equipment was made with two horizontal steel circular tubes with nominal diameters of ¾ in and 1 ½ in, connected to a stainless steel cylindrical tank with a capacity of 270 L. The total length of the section was 1. 
Evaluation of friction factors in pipe flow
The friction factor for an incompressible fluid moving in a straight pipe of a uniform cross section may be written in terms of pressure loss, as given by Equation 10 . The quantity f exp calculated from experimental data on pressure loss is sometimes called the Fanning friction factor 6 .
in which (kg.m in which f theo is the friction factor estimated theoretically and Re mr is the Reynolds number defined by METZNER and REED 18 . By using the Power-Law model for simple ducts, such as the circular pipe, it is possible to analytically solve the momentum equation and to obtain the generalized Reynolds number defined by METZNER and REED 18 : (12) in which K is the consistency index (Pa.s n ) and n is the flow behavior index (dimensionless). 
Data analysis
Results and discussion
Thermophysical properties
The thermal conductivity, thermal diffusivity and density of blackberry juice at 9. Multiple regression analysis indicated a dependence of thermal conductivity of blackberry juice related to concentration and with a minor influence with temperature (p < 0.01). TELIS-ROMERO et al. 24 found similar values for orange juice. It can be observed that it is compatible with experimental data and the predictions of Equation 13 . Comparison with correlations proposed for orange juice at 40 °C by TELIS-ROMERO et al. 24 and for juices by BHUMBLA et al. 5 , indicated a similarity between orange juice and blackberry juice. 
Predicted values
Observed values 1.28e-7
1.34e-7
1.4e-7
1.46e-7
1.52e-7
1.58e-7
1.28e-7 1.38e-7 1.48e-7 1.58e-7
well as other properties. The predictive model for orange juice proposed by TELIS-ROMERO et al. 24 was compatible with the equation parameters (R 2 > 0.97) and goodness of fit.
Experimental data of blackberry juice density compared to the predicted values in Equation 15 can be seen in Figure 4 . Multiple regression analysis indicated a strong dependence of density of blackberry juice related to concentration and temperature.
Specific heat
The specific heat was calculated according to Equation 8 , using 160 experimental data for each thermophysical property. Table 1 shows the average data obtained in the experimental assays for thermal conductivity, density, thermal diffusivity and calculated specific heat as a function of temperature and concentration of blackberry juice.
Flow behavior
Rheograms of blackberry juice were obtained in the range of shear rates from 12. The experimental shear rate and shear stress for blackberry juices which have 29.4 °Brix are presented in Figure 5 ; similar rheograms at the same temperatures were obtained for the other samples. The shear rates were nearly as constant as the temperature which was increased from 0.5 to 80.8 °C.
The fitting of Equation 9 to the experimental data made it possible to evaluate K and n, which are presented in Table 2 . The Power-Law is a very simple empirical model extensively used for engineering calculations due to its simplicity of having only two parameters. It has been used for describing many liquid foods, such as yellow mombin 2 , soursop juice 13 , orange juice concentrate 10 , egg yolk 14 , coffee extract 25 and many other fluids.
A non linear regression analysis was performed to obtain a combined effect of temperature and concentration on the consistency index. Combining the Arrhenius and power law relationship derived a single equation, as follows:
Regression analysis was also performed to obtain the effect of concentration and temperature on the flow behavior index, as follows:
This relationship denotes that an increase in concentration was accompanied by an increase in pseudoplasticity, shown by a decrease in values of n.
Fanning factor
Tube flow experiments were carried out when blackberry juice was heated and the experimental pressure loss data were used to calculate the friction factor, according to Equation 10 . Densities were evaluated at the average temperature between the initial and final conditions attained by the juice during flow, using the empirical Equation 15 presented in this study. 
This compatibility observed between friction factors calculated from experimental data of pressure losses shown in Figure  6 and those estimated from the measured rheological parameters can be taken as an indication of the reliability of the models obtained to describe the flow behavior (Equations 16-17) . These equations have shown to be adequate in expressing the rheological behavior of the blackberry juice in the studied range of temperature. 
Conclusions
The thermophysical properties, such as thermal conductivity, density and thermal diffusivity of blackberry juice were determined between 9.4 and 58.4 °Brix and from 0.5 and 80.8°C, which are common conditions applied during evaporation processes. Experimental friction factors obtained when blackberry juice flowing through circular tubes is heated were compared with predicted values using the similar Hagen-Poiseuille equation in terms of the generalized Reynolds number. The good compatibility between predicted and observed values confirmed the reliability of the equations proposed for describing the flow behavior of the juice. These results could be used to model heat and mass transfer during concentration of blackberry juice. It is important to emphasize that if these properties were not adequately determined, this could result in under-processing or an incorrect calculation of equipment dimensions.
